Abstract. Fine-grained aggregates of lithiophorite are associated with cryptomelane, romanèchite, birnessite and graphite in the Precambrian Eastern Ghats manganese ore deposit of Nishikhal, south Orissa, India. High-cobalt lithiophorite is reported for the first time from the manganese ores. The mode of occurrence and the chemical composition of the lithiophorite are discussed. Along with manganese and aluminium, the lithiophorite contains appreciable quantities of CoO (1.59-8.56%) together with trace amounts of Cu, Ni, Zn, Ti, Ca, Mg, Na, K and P. The Nishikhal lithiophorite is a transition metal-rich lithiophorite.
Introduction
The aluminous manganese oxide lithiophorite with the formula (Al,Li)MnO 2 (OH) 2 is common in the soils and weathering zones of manganese ore deposits. Apart from Mn, Al and Li, minor to trace amounts of Fe, Mg, Ca, K, Si, Cu, Ni, Co and Zn are also present in lithiophorite (Roy 1981; Ostwald 1984 Ostwald , 1988 . Lithiophorite in the Precambrian manganese ore deposits of Orissa has been reported by previous authors (Roy 1981; Acharya et al. 1997; Acharya, Nayak 1998; Acharya, Dash 2002; Mohapatra et al. 2005 The manganese ores at Nishikhal are associated with khondalite, quartzite and calcsilicate granulite belonging to the Precambrian Eastern Ghats complex. The manganese ores and their host rocks were subjected to granulite facies metamorphism and experienced all of the deformational episodes typical of the Eastern Ghats complex before undergoing supergene enrichmernt (Acharya et al. 1997) . The ores are highly variable in mineralogical composition and chemical constituents. Most are either ferruginous-or siliceous varieties with high phosphorous contents. They dominantly contain cryptomelane, romanèchite and pyrolusite with minor amounts of jacobsite, braunite, hausmannite, lithiophorite, birnessite and collophane. The other opaque minerals associated with the ores are goethite, magnetite, hematite, graphite, pyrite, sphalerite, chalcopyrite and the silicate gangue minerals include quartz, orthoclase, garnet (spessartite), apatite, collophane, kaolinite, plagioclase, hyalophane, fibrolite, zircon, biotite and muscovite (Acharya et al. , 1997 Rao et al. 1994 Rao et al. , 2008 .
Mineralogy and Chemical Characteristics

Mineralogy
The lithiophorite is identified by its strong reflection pleochroism in dark to greyish white, low reflectivity (12.5-16.6% at 546 nm in air), strong anisotropism and an average microhardness value of 65-83 (Vickers Hardness Number, VHN). It occurs as fine-grained aggregates with individual grains varying from 5-80 µm and is dominant in high-grade massive and ferruginous/lateritised manganese ores. The lithiophorite occurs with cryptomelane, romanèchite, quartz and orthoclase in massive ore varieties, and in association with birnessite, goethite, kaolinite in ferruginous manganese ores. The lithiophorite replaces cryptomelane and silicate minerals and occasionally encloses quartz, orthoclase, garnet and cryptomelane (Fig. 1) . It is also present along the cleavage planes of graphite and, in places, encloses graphite flakes (Fig. 2, 3) . The lithiophorite phase has been confirmed by an X-ray diffraction pattern with characteristic "d" values of 4.71, 3.14 and 2.37 Å (Table 1) .
Mineral chemistry
The lithiophorite phase associated with the Nishikhal manganese ores has been analysed on a JEOL, electron probe microanalyser (EPMA) Super Probe JXA-8600 (15 kV accelerating voltage and 2 × 10 -8 mA current) using SPI mineral standards and an on-line ZAF correction procedure. (Table 2a ). This is possible as microscopic studies indicate that the lithiophorite is fine-grained and intergrown with other manganese oxides.
De Villiers and Van Der Walt (1945) indicated formulae for lithiophorite based on wet chemical analyses for each of the two valence states of the manganese. Wadsley (1952) apparently arbitrarily adopted the formula with Mn +2 after Pauling and Kamb (1982) . From a crystal chemical point of view, however, Mn 3+ should be more easily accommodated into the lithiophorite structure (Post, Appleman 1994 , Ni +3 and Cu +2 lithiophorite may also be due to substitution of Li + by these elements because of their comparable ionic radii (Wilson et al. 1970; Ostwald 1984; Manceau et al. 1987; Plimer 1990 ). Transitionmetal oxide (Cu + Ni + Zn + Co) concentrations in the Nishikhal lithiophorite range from 1.98-9.22%. Ostwald (1984) has classified lithiophorite from Australia as transition metalrich (Cu + Ni + Zn + Co > 1.5%) with 12-18% Al 2 O 3 and as transition metal poor (Cu + Ni + Zn + Co < 1.5%) with 18-24% Al 2 O 3 . However, the Nishikhal lithiophorite, though having similar Al 2 O 3 contents in the range 17.84-25.86%, are enriched in transition metal oxide (Cu + Ni + Zn + Co = 1.98-9.22%). Among the transition elements, Co is the dominant constituent. The fine-grained Nishikhal lithiophorites contain elevated amounts of Co as do the manganese oxides from the Fort Payne Formation, Tennessee (Larson 1970) . The Co and Ni contents are higher than those reported in lithiophorite from manganese ores in the Bonai-Keonjhar belt, Orissa, India (Mohapatra et al. 2005 ) and lower than in lithiophorite (13.57-14.58% CoO and 7.67-14.54% NiO) in nickeliferous laterites from Sukinda, Orissa, India (Das et al. 2002; Mohanty et al. 2000) . Compared to that in the Sandur manganese ores, Karnataka, India (Mohapatra et al. 1996) , the Co, Cu, Ni and Zn contents in the lithiophorite described here are higher.
µm
Chemical characteristics of the manganese ores
Partial chemical analyses of 19 manganese ore samples representing high grade-, siliceous-and ferruginous varieties from the Nishikhal deposit are given in Table 3 . The data show that they contain 4.11-89.27% MnO 2 , 1.66-80.15% Fe 2 O 3 , 0.01-49.75% SiO 2 , 0.89-5.71% Al 2 O 3 and 0.06-0.22% Li 2 O. Generally, manganese-rich samples are rich in lithium. Li shows a strong positive correlation with MnO 2 (Fig. 4) and a weak positive correlation with Al 2 O 3 (Fig. 5) . The weak correlation of alumina with lithium oxide reflects the fact that most of the alumina in the ores is contributed by silicates such as orthoclase, kaolinite and garnet. Lithium shows negative correlations with Fe 2 O 3 and SiO 2 . The data suggest the preferential linkage of lithium with manganese and aluminium. In the Nishikhal manganese ores, Co, Ni and Zn are positively correlated with MnO 2 (Acharya et al. 1997) . Acharya et al. (1997) . 
Discussion and Conclusions
The Nishikhal manganese deposit represents the syngenetic part of the metasedimentary sequence of the Precambrian Eastern Ghats complex. The manganese-rich sediments were metamorphosed under granulite facies conditions, affected by granitisation and subsequently underwent supergene enrichment (Acharya et al. 1997) . Under supergene processes, lithiophorite along with pyrolusite, cryptomelane, romanèchite, birnessite and goethite were formed from the primary manganese minerals of lower valency states such as spessartite, braunite, jacobsite and hausmannite. A low-temperature reaction between primary manganese oxides including spessartite and clay minerals can produce lithiophorite and birnessite (Ostwald 1988; Nahon et al. 1984) . The aluminium content in the lithiophorite is much higher than that of the primary manganese oxides and silicate minerals. The aluminium in the structure enhances the stability of lithiophorite and is the final product of weathering (Dowding, Fey 2007) . The Nishikhal lithiophorite is enriched in cobalt (< 8.56% CoO). It has a high aluminium content comparable with that of lithiophorite from New Caledonia (Llorca, Monchoux 1991) . The primary manganese minerals in the Precambrian Eastern Ghats complex contain very small (Co < 1%) contents of cobalt (Acharya et al. 1997; Acharya, Nayak 1998; Acharya, Dash 2002) . During the supergene processes, lithiophorite formed from the primary manganese oxides and silicates. In the lithiophorite, cobalt, nickel, copper and zinc are enriched with cobalt being especially so at 1.59-8.56% CoO. Cobalt in manganese shows a good correlation with manganese. A similar correlation has been reported from the laterites of the Lomie region, south-east Cameroon (Yongue-Fouateu et al. 2006) . Lithiophorite is the main contributor of cobalt as the bulk manganese ores contain very small amounts.
The Nishikhal manganese ores contain lithia (< 0.22%) present in the form of finegrained lithiophorite. The deposit contains more than 10 million tonnes of manganese ores. The lithiophorite, if separated from the manganese ores, can represent a potential resource of both Co and Li.
